Abstract: Phase separation process is influenced by operational factors that can hardly be controlled. This paper demonstrates the results of a series of experiments aiming to solve these problems using polyvinyl-alcohol -poly-acrylic acid copolymer hydrogel micro-carrier for the adherence of microorganisms to achieve better settling properties of the biomass. The nitrification process was examined using hydrogel micro-carriers and conventional activated sludge flocks. The sedimentation properties of the two systems were compared indifferent conditions. Results show that the sedimentation properties of the immobilized system were more favorable than activated sludge flocks.
Introduction
Over the past decades, the requirements of the treated wastewater quality have become more stringent. To meet the new standards conventional activated sludge processes and reactor configurations were further developed and the biological treatment technologies were combined with other processes such as chemical treatment, microfiltration, ozonation, etc. [1] , [2] .
The basis of wastewater treatment technologies is the conventional activated sludge process, whose efficiency is strongly affected by the composition of the microbial community forming in the activated sludge flocks [3] . Following the biodegradation processes the secondary sedimentation is also highly affected by the bacterial culture forming activated sludge flocks. The species diversity, structure and texture of the bacterial culture can only be indirectly controlled in the treatment process by the design of the reactor, aerated and non-aerated reactor combinations, the rate of removed excess sludge, the rate of sludge recirculation and the F/M ratio [4] .
Controlling the structure and through this the settling properties of activated sludge flocks is difficult, and it can significantly impair the overall efficacy of the treatment process if secondary sedimentation fails [5] .
To overcome this problem some activated sludge systems have been retrofitted to Integrated Fixed Film Activated Sludge (IFFAS) process [6] . IFFAS is an improved Moving Bed Biofilm Reactor (MBBR) process where biofilm carrier technology is integrated into the conventional activated sludge reactors. The hybrid process enables activated sludge systems to achieve significant development in treatment efficiency without increasing Mixed Liquor Suspended Solids (MLSS) concentrations in the process [7] , [8] .
According to previous studies the modification of the bioreactor configuration using anoxic selectors can improve the settling properties of the activated sludge as well [9] .
In recent years, PolyVinyl Alcohol (PVA)-gels have been applied for aerobic and anaerobic wastewater treatment as biomass carriers [10] , [11] , [12] , [13] . According to the studies, applying these carriers has several benefits compared to the conventional activated sludge flocks, and to other types of carriers, however, they have not been used widespread in communal wastewater treatment.
Within the framework of the 3/081/2004 National Research, Development and Innovation Office (NKFP) research project at the Department of Sanitary and Environmental Engineering, Budapest University of Technology and Economics the use of artificial hydrogel micro-carriers were applied in laboratory scale wastewater treatment experiments aiming to improve the settling properties of the biomass [14] , [15] .
In this paper the nitrification process and the change of the settling properties of the biomass were examined and compared using PVA-PAA hydrogel micro-carrier and conventional activated sludge process under different operating conditions.
Materials and methods
In order to find the optimal characteristics (shape and size of the micro-carriers, porosity, the colonization and synthetizing characteristics, biodegradation, mechanical stability, settling behavior, etc.) more than 40 types of hydrogels were tested in the preliminary phase of the research. Gels were synthetized by the Department of Physical Chemistry and Materials Science of the Budapest University of Technology and Economics. According to the results of the preliminary bacterial colonization experiments the PVA-PAA hydrogel synthesized with embedded starch granules was most suitable for the wastewater technology requirements. PVA-PAA hydrogel microcarriers with an average diameter of 150-400 µm were tested in laboratory scale wastewater technology experiments. The bacterial culture was colonized on the surface of the gel beads and formed microscopic scale bioreactors (immobilized Pollack Periodica 12, 2017, 2 microorganisms adhered to hydrogel surfaces on and within the gel structure) for pollutant removal [14] .
The PVA-PAA hydrogel beads have a special texture (porosity) and 95-98% water content. The key question was to set appropriate environmental conditions for biofilm development on the surface of the hydrogel micro-carriers. Different inoculation procedures were tested in the preliminary stage of the research, and the colonization strategies of the hydrogel surface were optimized to achieve strong biofilm development. The inoculation procedure was evaluated using earlier experiences [14] ; the duration of this phase was around 3 weeks. Temperature, pH, feed water composition, shearing forces, dissolved oxygen level were controlled in the experiment. Two parallel laboratory-scale Sequenced Batch Reactors (SBRs) (conventional activated sludge reactor and the hydrogel micro-carriers biofilm reactor with capacities of 6.0-6.8 L) were operated with identical hydraulic and pollutant loads on fed-batch basis. The operation parameters of the SBR reactor are shown in Table I . During the experiments Volatile Suspended Solids/Total Suspended Solids (VSS/TSS) concentration in the conventional activated sludge SBR was around 1.5/2.25 g/L and around 3.2/4.8 g/L in the hydrogel based SBR (around 2.5 g/L without the gels). The operational parameters were identical except the settling period times (in the case of the hydrogel reactors shorter settling periods were needed). The feed wastewater was partially treated wastewater from the South-Pest Wastewater Treatment Plant. Organic matter was removed from the feed water in the treatment plant in the course of activated sludge process. Feed water was collected after the secondary settling tanks; nitrification was not realized in the activated sludge process, the characteristic parameters of feed wastewater are shown in Table II . The duration of the feeding was about 5 minutes and started with the aeration phase in both reactors.
The biofilm development on gel beads was monitored up by microscopic analysis and activity measurements. The bacterial activity on hydrogel beads was analyzed and compared to the conventional activated sludge in laboratory tests. The efficiency of the biodegradation process, nitrification and denitrification rates was monitored. The shear forces were influenced by a central vertical shaft mixer with the suitable mixing intensity according to the earlier experiences [14] .
The hydrogel based bioreactor was filled with 700 mL volume of PVA-PAA hydrogel micro-carriers to provide colonization surface for wastewater bacteria. Hydrogel micro-carriers were inoculated by autotrophic nitrifying bacteria of wastewater origin. The development of the biofilm morphology on the micro-carriers was monitored by microscopic analysis and bacterial activity measurements. To compare the settling properties, the Sludge Volume Index (SVI) changes were measured of the immobilized bacterial culture of the hydrogel and conventional activated sludge. The initial TSS and VSS concentration and the sludge levels were investigated, conventional Imhoff-glass (Capacity: 1 L) was used.
To determine the settling properties of the different biomass types SVI was measured for 30 minutes settling periods. In the meantime, SVI X for SVI 1 , SVI 3 , SVI 5 , SVI 6 , SVI 12 , SVI 20 and SVI 30 (for 1, 3, 5, 6, 12, 20 and 30 min sedimentation) were also calculated based on sedimentation experiments. SVI X was calculated similar than the conventional SVI value, V X (mL/L) divided by the MLSS (g/L) value (V X , settled sludge volume after x minutes).
The effects of the filamentous organisms on the settling properties of the hydrogelmodified sludge were also examined. The operating parameters of the parallel SBR reactors (conventional and hydrogel-modified active sludge) were set in order to stimulate the growth of the filamentous organisms. Low Dissolved Oxygen (DO) level can favor the growth of filamentous microorganisms [16] , thus the dissolved oxygen concentration was set in the reactor below 0.3 mg/L. After more than two weeks of exposure the settling property changes of both the conventional and the hydrogelmodified activated sludge were measured.
The hydrogel-modified sludge reactor was operated for more than one year. The SVI X measurements started after 3 months from the beginning of the experiment.
Results
Optimal bacterial adhesion and biofilm structure developed on the porous structure of hydrogel micro-carriers under appropriate hydraulic conditions of the breeder reactor. The increased porosity of the surface proved to be evidently favorable for the attachment of suspended cells and small bacterial flocks. This consideration was essential in the course of the colonization process. Therefore, porosity of the PVA-PAA hydrogel was enhanced during the preparation treatment by the Department of Physical Chemistry and Materials Science of the Budapest University of Technology and Economics. During the docking phase, the contact frequency between the gels and the bacteria is generally low, so the attachment to and detachment from the gel surface are highly influenced by the hydraulic conditions and the shear forces in the reactor [17] . The fine tuning of the hydraulic conditions was essential to control the colonization process and thereby influence the development of the biofilm structure and biofilm thickness [18] . Therefore, the shear forces were optimized according to the growth rate of the bacterial community (mostly autotrophic microorganisms). Fig. 1-Fig. 2 illustrate the phases of biofilm development, to reach the suitable shear forces. Fig. 1 . Micro-carriers after the bacterial adhesion phase (left) and the optimal biofilm structure as a results of the biofilm development (right) Fig. 2 . Activated sludge flocks structure of bacterial colonies in the parallel experiments (left) and on micro-carriers (right) under optimal condition Since the biofilm structure (i.e., oxygen diffusion limitations, formation of oxic and anoxic zones) determines the technological capabilities of the colonized micro-carriers it was expected that thick and homogenous biofilm on the micro-carriers could enhance the settling velocities. In the experiments, homogenous and compact biofilm could be developed on the surface of the micro-carriers by the enhancement of the porosity of the hydrogel, by the regulation of the shear forces in the breeding reactor and by the application of a suitable inoculation procedure.
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It was proved that by the applied colonization processes 95-99% of the suspended biomass could be adhered onto the surface of the hydrogels, thus almost the whole biomass was immobilized as hydrogel-adhered bacterial cells.
Bacterial activity was measured in comparative studies within optimal operational conditions for nitrifying bacteria (high dissolved oxygen concentration around 4-5 mg/L and ammonium-N, relatively low organic matter concentration and low heterotrophic biomass). Fig. 3 shows the development of nitrogen forms during aeration phase in the conventional activated sludge reactor and in the reactor filled with hydrogel microcarriers. Usually nitrification can be divided into two different processes, which are the formation of NO 2 -N from NH 4 -N, caused by the Nitrosomonas bacteria group and the formation of NO 3 -N from NO 2 -N caused by Nitrobacter bacteria group. The activity of Nitrosomonas bacteria group was calculated from the decrease of NH 4 -N, while the formation of NO 3 -N shows the activity of Nitrobacter bacteria (Fig. 4) . Activity [mg/h/g] stands for the mg N-form (ammonium or nitrate N) removed/formed in a onehour-long period calculated for 1 g of biomass, which was considered as the organic matter concentration without hydrogels in the reactors. Fig. 3 . The bacterial activity of the activated sludge modified by hydrogels and the conventional activated sludge flocks under optimal condition Fig. 5 shows the activated sludge flocks and the modified culture under optimal conditions. Based on the operational experiences it was found that in reactors operating with hydrogels the activity and settling properties of the bacteria are highly independent of the load and the operating conditions of the reactors. However, the properties of the biomass in the conventional activated sludge reactor were remarkably affected by these operational parameters. The settling properties of the bacteria formed on hydrogels were examined for each different operation setting.
As the dissolved oxygen concentration decreased (0.1-0.2 mg/L) filamentous organisms developed. Fig. 6 illustrates the appearance of filamentous organisms in the conventional activated sludge reactor and on the hydrogel micro-carriers. The sedimentation tests were performed with biomass developed under optimal operational conditions and also in the presence of filamentous organisms. Fig. 7 illustrates the sedimentation properties of the bacterial cultures in the case of optimal reactor operation and Fig. 8 shows the changing sedimentation parameters after the development of filamentous microorganisms. The organic matter and dry matter • The sedimentation properties of the hydrogel system are significantly better than the traditional activated sludge systems. The required time for sedimentation of the hydrogel based reactors was about 5 times less than that of the conventional system. The hydrogel based SBR reactor could be operated with 5 minutes sedimentation cycle, in contrast more than 30 minutes sedimentation time had to be applied in the case of traditional activated sludge system; • Regarding micro-carriers the SVI X after a 3 minute sedimentation time was around 29 mL/g (the conventional activated sludge system had around 200 mL/g) and this value still was 30 mL/g after 30 minutes in the case of activated sludge without gels. According to the results the bacteria immobilized on hydrogel micro-carriers have excellent settling characteristics and the necessary settling time was only 3 minutes under optimal operation conditions; • The VSS concentration in the supernatant after 3 minutes was around 0.05 g/L (the initial VSS concentration was 4.2 g/L with gels, and 2.62 g/L without gels). In the case of the hydrogel fixed bacterial culture the efficiency of the sedimentation was around 99%; • After the appearance of the filamentous organisms (Fig. 8) the 30 minutes SVI X of the traditional activated sludge system multiplied but the 30 minutes SVI X of the system hydrogel fixed biomass did not showed significant changes. It should be that the necessary sedimentation time of the hydrogel based system increased from 3 minutes to 10 minutes, which indicates still very good operational conditions in the presence of filamentous microorganisms. After the 10 minute sedimentation times the SVI X was 40-50 mL/g which shows promising sedimentation properties.
Pollack Periodica 12, 2017, 2 Fig. 7 . The results of the sedimentation tests (in the case of optimal operating conditions) on two different days
Conclusions
Some of the key parameters of the biological wastewater treatment, namely the structure and the morphological features of the activated sludge flocks, can only be controlled by indirect methods. The present research aimed to find and prove suitable opportunities control directly these key parameters (particle size distribution, density, ). Primarily hydrogels were tested in this study, which are suitable for bacterial adherence and colonization. According to the preliminary bacterial adhesion tests, the copolymer of PVA-PAA was proven to be the most suitable carrier. Analyzing various reactors with different design, size and operation, some special examinations were carried out in order to understand the favorable effects of the hydrogels and to determine the necessary environmental conditions for gel surface colonization. on two different days Bacterial activity measurements, microscopic tests and related calculations were carried out in laboratory-scale wastewater treatment experiments. Compact structure and active autotrophic bacterial biofilm can form on the surface of PVA-PAA pearls, which can be used for efficient nitrification. By the application of the appropriate inoculation processes 95-99% of the suspended activated sludge biomass will be adhered on the surface of the hydrogels, so almost the whole biomass concentration was found to be immobilized on the hydrogel-defined micro-reactors. It means that nearly the entire biomass can be controlled by the hydrogels.
The sedimentation properties of the conventional activated sludge and the hydrogel fixed biomass system were measured and compared among optimal operational conditions. According to the results the sedimentation properties the immobilized system was more favorable than the activated sludge flocks. The sedimentation features of hydrogel system are significantly more advantageous compared to the traditional activated sludge systems. In the case of the hydrogel system the SBR bioreactor could be operated with 5 minute sedimentation time (SVI X after 5 minute sedimentation is 45 mL/g), whereas more than 30 minutes sedimentation time had to be applied in the case of traditional activated sludge system.
The development of filamentous microorganisms is a frequent operational problem hindering the settling process as they alter the Stokes radius of the flocks and form bridges amongst the settling flocks. These can corrupt the efficiency of the biological activity and the effectiveness of the phase separation. In the case of the bacterial flocks formed by the application of PVA-PAA hydrogel this problem did not occur even under extreme operating conditions. The Sludge Volume Index (SVI X ) of the conventional activated sludge flocks and the artificial flocks with PVA-PAA was measured and compared by sedimentation analysis. The results showed that the modified system has clearly more favorable settling properties and also that in the case of the gel-modified flocks the problem of filaments does not induce deterioration in the efficiency of the gravitational phase separation.
